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A molecular pathway leading to endoderm formation in zebrafish
Jonathan Alexander and Didier Y.R. Stainier
Background: Several potentially important regulators of vertebrate endoderm
development have been identified, including Activin-related growth factors and
their receptors; transcriptional regulators encoded by the genes Mixer, Xsox17,
and HNF3β; zebrafish One-eyed pinhead (Oep), a member of the
Cripto/FRL-1/Cryptic family of epidermal growth factor related proteins
(EGF-CFC); and the product of the zebrafish locus casanova, which plays an
essential cell-autonomous role in endoderm formation.
Results: Using overexpression studies and the analysis of different zebrafish
mutants, we have assembled a molecular pathway that leads to endoderm
formation. We report that a zebrafish Sox17 homologue is expressed during
gastrulation exclusively in the endoderm and that casanova mutants lack all
sox17 expression. Overexpression of mixer induces ectopic sox17-expressing
cells in wild-type embryos and promotes endoderm formation in oep mutants,
but does not rescue sox17 expression or endoderm formation in casanova
mutants. Overexpression of a constitutively active form of the type I transforming
growth factor β (TGF-β) receptor TARAM-A also promotes sox17 expression in
wild-type and oep mutant embryos, but not in casanova mutants. We also show
that the Nodal-related molecules Cyclops and Squint and the transmembrane
protein Oep are essential for normal mixer expression.
Conclusions: The data indicate that the following pathway leads to zebrafish
endoderm formation: Cyclops and Squint activate receptors such as TARAM-A;
Oep also appears to act upstream of such receptors; signals transduced by these
receptors lead to the expression of mixer; Mixer then acts through casanova to
promote the expression of sox17 and differentiation of the endoderm.
Background
Unravelling the genetic networks in vertebrates that guide
the formation of the three germ layers — ectoderm, meso-
derm and endoderm — is a fundamental goal of develop-
mental biologists. Although much is known about the
early development of the ectoderm and mesoderm, inves-
tigations into the early steps of endoderm formation have
only recently begun.
The pregastrula location of endodermal progenitors has
been mapped in each of the principal vertebrate develop-
mental model systems. In the frog Xenopus, the yolk-rich
cells of the vegetal hemisphere give rise to most of the gut
endoderm [1–3]. In both mouse and chick embryos, endo-
dermal progenitors are gathered near the future site of
node formation and, early during gastrulation, ingress
through the anterior primitive streak [4,5]. In the zebrafish
late blastula embryo, the endoderm arises entirely from
the marginal-most four blastomere tiers and, thus, as in
the mouse and chick, endodermal progenitors involute
very early during gastrulation [6]. Whereas in the mouse,
chick and zebrafish embryos the pregastrula endodermal
and mesodermal fate map domains overlap substantially
[4–6], in Xenopus most of the prospective gut endoderm is
spatially segregated from progenitors of the other germ
layers before gastrulation [1,2]. This difference may relate
to the essential role of the maternally deposited, vegetally
localised transcription factor VegT in Xenopus endoderm
formation [7]. Whether VegT homologues are similarly
required for endoderm development in other vertebrates
is not known, but a zebrafish homologue of VegT is not
maternally expressed [8].
Many of the same growth factors that influence early
mesodermal and ectodermal development may also
induce endoderm formation. Signalling pathways involv-
ing bone morphogenetic proteins (BMPs) and fibroblast
growth factors (FGFs) affect endoderm formation in
various ways [9–12], but their physiological importance in
this process remains unclear. Substantial evidence impli-
cates Activin-related growth factors as important for endo-
derm induction. High levels of Activin and related
transforming growth factor-β (TGF-β) molecules induce
endodermal gene expression in Xenopus animal caps
[9–11,13–15], and a role in Xenopus dorsal endoderm for-
mation has been demonstrated for activities related to Vg1
and Nodal [15,16]. Studies in zebrafish support the idea
that Activin-related signals have an important role in
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endoderm formation. Overexpression of low levels of the
putative TGF-β inhibitor Antivin results in complete loss
of the endoderm with little or no effect on mesoderm
development [17]. Also, zebrafish one-eyed pinhead (oep)
mutants appear not to form endoderm, and also lack pre-
chordal plate and ventral neuroectoderm [18]. The oep
gene encodes a member of the Cripto/FRL-1/Cryptic
family of epidermal growth factor related proteins (EGF-
CFC) required for signalling by Nodal-related growth
factors [19,20]. Finally, in embryos mutant for both cyclops
(cyc) and squint (sqt), two genes that encode Nodal-related
molecules, or embryos that lack both maternal and zygotic
Oep protein, involution of the marginal zone does not
occur and, therefore, these mutants form essentially no
endoderm or mesoderm [20,21]. Together, these data
suggest that high levels of Activin and/or related ligands
such as Vg1 and the Nodal-related molecules play an
important role in endoderm development, although it
remains unclear what their precise functions in this
process are.
Substantial progress has been made recently in the identi-
fication of genes that appear to act within endodermal
progenitors to initiate or promote their differentiation in
response to inducing signals. Several Mix homeobox genes
have been shown to be expressed in Xenopus endodermal
precursors during gastrulation [14,22–24]. Functional
studies suggest that these genes, and two in particular —
Mixer and Milk — are important for endoderm formation in
Xenopus [14,23–25]. The precise roles of the Mix genes,
individually and collectively, in endoderm development
are not yet clear, but one critical function appears to be
the maintenance of Xsox17 expression in the prospective
endoderm [14].
The transcription factors Xsox17α and Xsox17β (here
referred to collectively as Xsox17), which contain a high
mobility group (HMG) DNA-binding domain, appear to
be important intrinsic regulators of endoderm formation.
Originally identified in a screen for Xenopus genes that are
differentially expressed in the vegetal pole during gastru-
lation, Xsox17 shows an endodermally restricted expres-
sion pattern from the onset of gastrulation [13].
Overexpression of Xsox17 promotes endodermal gene
expression in animal cap explants, while expression of a
fusion between Xsox17 and the repressor domain of
Drosophila Engrailed (EnR) inhibits endoderm differentia-
tion in both isolated vegetal pole explants and the intact
frog embryo [13]. Importantly, coexpression in Xenopus
animal cap explants of the Xsox17–EnR fusion together
with Mixer blocks the endoderm-inducing ability of
Mixer, suggesting that Mixer acts primarily through
Xsox17 to promote endoderm formation [14].
We have shown recently that the zebrafish casanova (cas)
locus has an early and essential role in endoderm formation;
cas mutants do not form a gut tube, never express any
regional markers of endoderm differentiation, and appear to
lack endoderm entirely from the onset of gastrulation [26].
Mosaic analysis indicates that cas acts cell-autonomously
within the endodermal progenitors, where it appears to be
required for endoderm development downstream of, or in
parallel to, a zebrafish Mixer homologue [26].
Here, using overexpression studies and the analysis of dif-
ferent zebrafish mutants, we have assembled these endo-
dermal regulators into a molecular pathway that leads to
zebrafish endoderm formation. The data suggest that Cyc
and Sqt act through their receptors to induce expression of
Mixer. Oep also appears to be required upstream of such
receptors for Mixer expression. Mixer promotes the
expression of sox17 in a manner that depends absolutely
on cas, leading to formation of the endoderm. Together,
the results demonstrate important roles for several of
these genes in endoderm development, and begin to elu-
cidate the molecular origins of this germ layer.
Results
Expression of a zebrafish Sox17 homologue in the
endoderm and forerunner cells
We isolated a zebrafish homologue of Sox17 by PCR using
degenerate primers (Figure 1a). The predicted zebrafish
Sox17 protein is highly related to mouse Sox17 [27] and
Xenopus Xsox17α and Xsox17β [13] within its amino-ter-
minal region and HMG box (Figure 1b), but otherwise
shows only limited sequence conservation. We first
detected expression of sox17 before the onset of gastrula-
tion in a dorsally located group of marginal cells
(Figure 1c,d). These cells correspond to the non-involut-
ing endocytic marginal-zone cells that will later form the
forerunner cells [28], which we and others have previously
proposed represent a specialised dorsal subset of the
endoderm [26,28]. Expression of sox17 is maintained in
the forerunner cells during gastrulation (Figure 1e–j) and
illuminates their migration towards the vegetal pole, in
front of the advancing blastoderm margin, as epiboly pro-
ceeds. Early in somitogenesis, the forerunner cells form
the lining of Kupffer’s vesicle (Figure 1o) [28], a tran-
siently existent fluid-filled sac unique to the developing
teleost tail bud, and, soon thereafter, cease to express
sox17 (Figure 1p).
Endodermal expression of sox17 begins soon after the
onset of gastrulation. As cells of the marginal zone invo-
lute to form the hypoblast, a subpopulation initiates sox17
expression circumferentially throughout the hypoblast
(Figure 1e,f). Their large size, morphology and close appo-
sition to the yolk identify these sox17-expressing cells as
endodermal precursors [6]. Endodermal sox17 expression
continues throughout gastrulation and, at midgastrula
stages, resembles endodermal expression of the axial
gene, a zebrafish homologue of mouse HNF3β [29]
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(compare Figure 1g,h,k,l). At the end of gastrulation,
however, a group of endodermal cells expressing sox17 but
not axial is evident in the area around the tail bud
(compare Figure 1i,j,m,n). These data show that zebrafish
sox17 is expressed in the endodermal precursors and fore-
runner cells during early development, and also reveal the
existence of a subset of endodermal precursors that
expresses sox17 but not axial in the posterior region of the
zebrafish embryo.
Endodermal sox17 expression disappears early in somito-
genesis (Figure 1o), and is not detected again until
48 hours post-fertilisation (hpf) in a ventrally positioned
group of cells in the left upper trunk (Figure 1q,r). We do
not know the precise identity of these cells, but believe
they contribute to the endodermally derived swim bladder
(J. Reiter and D.Y.R.S., unpublished observations).
Absence of sox17 expression in cas mutants
Because of the endodermally restricted pattern of sox17
expression and its postulated importance for endoderm
formation, we determined whether sox17 was expressed in
cas mutants, which lack endodermal gene expression
entirely from the onset of gastrulation [26]. We found that
cas mutants showed no sox17 expression at any stage
examined (30% epiboly to 48 hpf; Figure 2a–d), indicating
that cas is required upstream of sox17 in development of
both the endoderm and the forerunner cells.
Zebrafish oep mutants also appear not to form endoderm
[18]. We found a dramatic decrease or complete absence
of sox17-expressing endodermal and forerunner cells in
oep mutants throughout gastrulation (Figure 2e–h).
Other oep mutant phenotypes have been reported to
display similar variability [18,30]. These results confirm
previous data suggesting that little if any endoderm
forms in oep mutants [18].
Overexpression of mixer rescues endoderm formation in
oep but not cas mutants
The homeodomain protein Mixer has been suggested to
play an important role in the maintenance of Xsox17
expression in the presumptive endoderm in Xenopus [14].
As shown above, cas is required for sox17 expression in
zebrafish. To explore the relationship between mixer, cas
and sox17 in zebrafish, we examined the effects of over-
expressing zebrafish mixer [26] on sox17 expression.
Control embryos injected with RNA encoding a fusion
between glutathione-S-transferase and the green fluores-
cent protein (GST–GFP) showed normal sox17 expres-
sion (Figure 3a). Overexpression of mixer in wild-type
embryos resulted in the formation of ectopic sox17-
expressing cells (Figure 3d). These ectopic sox17-
expressing cells were primarily located more vegetally
than the advancing blastoderm margin and resembled
forerunner cells morphologically. Within the hypoblast of
wild-type embryos, we saw no obvious expansion of the
sox17-expressing endoderm in response to mixer overex-
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Figure 1
(a) Predicted amino-acid sequence of zebrafish Sox17. (b) Comparison
of the HMG boxes of zebrafish Sox17, mouse Sox17 (MoSox17) [27],
and Xenopus Xsox17α and Xsox17β [13]. Grey shading, residues
conserved in all four proteins. The zebrafish Sox17 HMG box is 80% and
78% identical to those of the mouse and Xenopus proteins, respectively.
(c,e) Dorsal and (d,f) animal-pole views of embryos at (c,d) 50% epiboly
showing sox17 expression in the forerunner cells (arrowhead), and at (e,f)
shield stage when endodermal sox17 expression initiates; sox17 is also
expressed in the forerunner cells (arrowhead) at shield stage. (g) Dorsal
and (h) lateral views of an embryo at 80% epiboly showing sox17
expression in both the endodermal progenitors and forerunner cells
(arrowhead). (i) Lateral and (j) posterior views of a tailbud-stage embryo
showing extension of endodermal sox17-expressing cells into the tailbud.
(k) Dorsal and (l) lateral views of an embryo at 80% epiboly showing
expression of the axial gene in both the dorsal mesoderm (arrow) and the
endodermal progenitors. (m) Lateral and (n) posterior views of a tailbud-
stage embryo showing axial expression; axial-expressing endodermal
cells do not extend as far posteriorly as do sox17-expressing endodermal
cells (compare panels i, j with m,n). (o) Posterior view of an embryo at the
5-somite stage showing sox17 expression in the forerunner cells as they
form Kupffer’s vesicle (arrowhead). No endodermal sox17 expression
remains at this stage. (p) No sox17 expression is detectable at the
10-somite stage; lateral view. (q,r) Expression of sox17 is apparent at 48
hpf in a ventrally located group of cells on the left side of the embryo
(arrowhead), seen in (q) dorsal and (r) lateral views.
PRIRRPMNAFMVWAKDERKRLAQQNPDLHNAELSKMLGKSWKALPMVDKRPFVEEARTSTSQTYASox17
SRIRRPMNAFMVWAKDERKRLAQQNPDLHNAELSKMLGKSWKALTLAEKRPFVEEAERLRVQHMQMoSox17
ARIRRPMNAFMVWAKDERKRLAQQNPDLHNAELSKMLGKSWKSLTLAEKRPFVEEAERLRVQHMQXsox17α
GRIRRPMNAFMVWAKDERKRLAQQNPDLHNAELSKMLGKSWKSLTLATKRPFVEEAERLRVQHIQXsox17β
1   MSSPDAGYSSDDPSQTSSCSSVMMPGMGQCPWVDPLSPLSDSKSKHEKCS  50
51  AAGPGRGKSEPRI RRPMNAFMVWAKDERKRLAQQNPDLHNAELSKMLGKS 100
101 WKALPMVDKRPFVEEARTSTSQTYARPPKLQISTQASQTGETKQAIGASF 150
151 PLPGMCDAKMTLFTEGMSAGYSGAGLPQYCENHTLFESYSLPTPDPSPMD 200
201 AGTTEFFAQLQDQSAFSYHHQQEHHFQEQTNILNDTHCHGNTQTLKSRQS 250
251 HSIAYSNINTNTNSNLHAPINAQLSSINLQQVFHENANPQISHHPGTHLN 300
301 IFNRSPSSSFYHAMTPAYLNCPSTLDTFYNSSSQMKELSHCVSSHTHKQQ 350
351 SIAEAQSQASTATHSSGQMVDEVEFEHCLSFGVPSAPLPGSDLISTVLSD 400
401 ASSAVYYCGYNNS                                      413
(a)
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pression. Experiments using Xenopus Mixer RNA [14]
yielded essentially identical results (data not shown),
whereas overexpression of RNA encoding a Xenopus
Mixer–EnR fusion [14] resulted in the loss of sox17-
expressing endodermal precursors from regions of the
hypoblast (data not shown). Together, these data suggest
that mixer acts upstream of sox17 in zebrafish.
We also examined the effects of mixer overexpression on
the expression of axial, which is expressed in the endo-
derm and the dorsal mesoderm during gastrulation [18,29].
These analyses revealed that convergence and extension
of the dorsal mesoderm were strongly inhibited in mixer-
injected embryos (Figure 3g,j,m), effects that were also
evident morphologically at 28 hpf (data not shown). Over-
expression of Xenopus Mixer produced similar effects (data
not shown). As seen for sox17 expression above, mixer
overexpression did not appear to increase the number of
axial-expressing endodermal precursors in wild-type
embryos (Figure 3j,m).
When we examined the effects of mixer overexpression
in embryos derived from cas/+ heterozygote intercrosses,
we obtained quite different results. Similar to uninjected
or control GST–GFP-injected cas mutant embryos
(Figure 3b), one quarter of these embryos showed
absolutely no sox17 expression (Figure 3e and Table 1).
These data indicate that overexpression of mixer cannot
rescue sox17 expression in cas mutants. Examination of
axial expression similarly demonstrated the inability of
mixer to rescue endoderm formation in cas mutants
(Figure 3h,k,n and Table 1). Overexpression of mixer did
inhibit convergence and extension in cas mutants
(Figure 3k,n), suggesting that Mixer was active in these
embryos. Xenopus Mixer overexpression also failed to
rescue sox17 or endodermal axial expression in cas
mutants (data not shown). Thus, overexpression of mixer
cannot overcome the block to endoderm formation that
results from the cas mutation. These data place cas
genetically downstream of mixer.
To test whether mixer overexpression rescues endoderm
formation in oep mutants, we injected embryos derived
from oep/+ heterozygote intercrosses. Control-injected oep
mutants contained few if any endodermal precursors
expressing sox17 or axial at mid-gastrula stages (Figure 3c,i
and Table 1). In contrast, mixer-injected oep mutants,
although still clearly distinguishable from their wild-type
siblings, contained a significantly increased number of
endodermal precursors that express sox17 and axial
(Figure 3f,l,o and Table 1). Xenopus Mixer was similarly
able to rescue sox17-expressing and axial-expressing endo-
derm in oep mutants (data not shown). These results
demonstrate that, at least in certain contexts, Mixer can
promote endoderm formation. Furthermore, the data indi-
cate that Mixer functions downstream of oep, and that high
levels of Mixer are sufficient to promote endoderm forma-
tion in the absence of zygotic Oep function.
A constitutively active form of TARAM-A cannot promote
sox17 expression in cas mutants
The previous results show that even high levels of Mixer
activity cannot overcome the block to endoderm formation
imposed by the cas mutation. Another potent inducer of
endoderm is a constitutively active form of the zebrafish
type I transforming growth factor β (TGF-β) receptor
TARAM-A, designated TARAM-A* [31,32]. Injection of
RNA encoding TARAM-A* into a single blastomere of a
16-cell-stage zebrafish embryo directs the progeny of that
blastomere to endodermal fates in a cell-autonomous
manner [32]. Widespread high-level TARAM-A* overex-
pression inhibits epiboly and converts the entire blasto-
derm into mesendoderm (see below). In the absence of
molecular markers specific for particular lineages, it is dif-
ficult to interpret gene expression in such morphologically
abnormal embryos. The endodermal specificity of sox17
expression, however, allowed us to analyse the effects of
TARAM-A* misexpression without having to target the
RNA to single blastomeres.
Injection of TARAM-A* RNA into wild-type zebrafish
embryos at the 1-2-cell stage resulted in the expression
throughout the entire blastoderm of numerous mesendo-
dermal markers including no tail (ntl, the zebrafish homo-
logue of mouse T/Brachyury [33]), goosecoid (gsc) [34,35],
mixer [26] and axial, as well as the endoderm-specific
gene sox17 (Figure 4a–d and Table 2). Injection of a
similar amount of RNA encoding wild-type TARAM-A
had negligible effects on morphology or gene expression
(data not shown), as previously reported [31,32]. These
results demonstrate that widespread overexpression of
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Figure 2
Expression of sox17 in cas and oep mutants. (a–d) No sox17
expression was detected in cas mutants at any stage: (a) 50% epiboly
(animal-pole view), (b) shield stage (lateral view), (c) 80% epiboly
(lateral view) and (d) 48 hpf (dorsal view). (e–h) A few or no
sox17-expressing endodermal precursors (arrows) and forerunner cells
(arrowheads) are seen in zygotic oep mutants at (e,f) late shield and
(g,h) 80% epiboly stages; (e,g) are lateral views, (f,h) dorsal views.
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TARAM-A* directs most or all cells in the embryo to a
mesendodermal fate.
TARAM-A* misexpression in single blastomeres at the
16-cell stage has been reported to rescue prechordal
plate and endoderm formation in oep mutants [32]. We
found that overexpression of TARAM-A* in embryos
derived from oep/+ heterozygote intercrosses resulted in
expression of the prechordal plate marker gene gsc
(Figure 4e), the endoderm marker gene sox17
(Figure 4f), and the mesendodermal markers mixer and
axial (data not shown) in all injected embryos (Table 2).
These results suggest that assaying gene expression in
embryos injected with TARAM-A* at the 1-cell stage
yields results consistent with those obtained from single-
blastomere injection experiments [32].
Injection of TARAM-A* RNA into embryos derived from
cas/+ heterozygote intercrosses yielded dramatically differ-
ent results from injections into wild-type or oep mutant
embryos. Although TARAM-A* overexpression promoted
the expression of mesendodermal markers such as gsc,
mixer and axial in all embryos (Figure 4g and data not
shown; Table 2), cas mutants did not express sox17
(Figure 4h and Table 2). Thus, cas is required downstream
of TARAM-A* for the expression of sox17.
TGF-β signals induce mixer expression
The above results and the work of others [14] suggest that
activation of mixer expression is an important step in the
pathway that leads to endoderm formation. We therefore
sought to understand how mixer expression is regulated in
the embryo. Previous studies in Xenopus demonstrate that
high levels of Activin-related signals induce the expres-
sion of various Mix genes [14,22,23]. Consistent with these
studies, TARAM-A* overexpression causes pan-embryonic
mixer expression in wild-type, cas and oep embryos
(Figure 4b,g and data not shown; Table 2), demonstrating
that TGF-β signalling is able to promote mixer expression
in zebrafish.
We next tested whether TGF-β molecules are necessary
for mixer expression in vivo by overexpressing RNA
encoding the putative TGF-β inhibitor Antivin [17] in
wild-type embryos. Injection of 40 pg antivin RNA results
in embryos that form essentially no endoderm or meso-
derm, except for a small amount of tail muscle (Figure 5a),
and eliminates endodermal axial expression [17]. Before
the onset of gastrulation, these embryos show a gap in the
normally continuous marginal zone expression of ntl
(Figure 5b) [17]. In contrast, mixer expression is entirely
absent in antivin-injected embryos (Figure 5c). These
results suggest that a TGF-β signal(s) is required endoge-
nously for mixer expression in zebrafish.
Nodal-related molecules are required for normal mixer
expression
Embryos mutant for both of the nodal-related genes cyc
and sqt form essentially no endoderm or mesoderm and
display a dorsal gap in ntl expression [21], phenotypes that
resemble closely those that result from the overexpression
of high levels of antivin. We therefore examined mixer
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Figure 3
Overexpression of mixer rescues endoderm formation in oep but not cas
mutants. Embryos were injected with 200 pg mixer or GST–GFP RNA
at the 1–4-cell stage, and analysed by in situ hybridisation at 90–100%
epiboly. (a) Dorsal and (b,c) lateral views of control GST–GFP-injected
embryos examined for sox17 expression. GST–GFP overexpression has
no effect on sox17 expression in (a) wild-type, (b) cas, or (c) oep
embryos. (d) Posterior and (e,f) lateral views of mixer-injected embryos
examined for sox17 expression. (d) In wild-type embryos, additional
sox17-expressing cells (arrowheads) that resemble forerunner cells in
their location and morphology are present. Overexpression of mixer
does not rescue sox17 expression in (e) cas mutants, but in (f) oep
mutants, a substantial number of sox17-expressing endodermal cells are
evident. (g–i) Lateral views of control GST–GFP-injected embryos
examined for expression of axial. GST–GFP overexpression does not
affect axial expression in (g) wild-type, (h) cas, or (i) oep embryos. The
dorsal mesodermal expression of axial is shortened in oep mutants as
they lack the prechordal plate. (j–l) Dorsal and (m–o) lateral views of
mixer-injected embryos examined for expression of axial. Overexpression
of mixer strongly inhibits convergence and extension of the dorsal
mesoderm (arrows) in (j,m) wild-type, (k,n) cas, and (l,o) oep embryos.
The ability of Mixer to rescue endoderm formation in oep (arrowheads in
panels l,o) but not (k,n) cas mutants is evident.
expression in cyc and sqt single mutants and in cyc;sqt
double mutants. Expression of mixer is normal in cyc
mutants (Figure 6a,b) whereas in sqt mutants, the mixer
expression domain is thinner along the animal–vegetal
axis and exhibits a dorsal gap (Figure 6c,d). Strikingly,
cyc;sqt double mutants exhibit a barely detectable level of
mixer expression (Figure 6e,f). As is the case for axial [21],
cyc;sqt double mutants lack all sox17 expression, whereas
sox17 expression is normal in each single mutant except
for a variable forerunner-cell defect in sqt mutants (data
not shown). These data demonstrate that Cyc and Sqt are
required for normal expression of mixer and sox17.
As mentioned above, Oep is required for signalling by
Nodal-related molecules [20]. Given the importance of
Nodal-related signals for mixer expression, we examined
mixer expression in zygotic oep mutants. Expression of
mixer initiates normally in oep mutants (data not shown).
As epiboly proceeds, however, oep mutants show a
region of variably decreased or absent mixer expression
in the dorsal margin (Figure 6g), the size of which
increases over time (Figure 6h). These data suggest that
zygotic Oep is required for the maintenance of mixer
expression, and that this maintenance function is most
important dorsally.
We hypothesised that maternally supplied Oep [20] may
permit the substantial amount of mixer expression seen in
zygotic oep mutants. To test this idea, we examined mixer
expression in embryos that lack both maternal and zygotic
Oep (MZoep mutants) [20]. We found that, like cyc;sqt
double mutants, MZoep mutants exhibit only barely
detectable mixer expression (Figure 6i,j). Expression of
mixer in embryos that lack only maternal Oep is indistin-
guishable from the wild type (data not shown), indicating
that zygotic Oep is sufficient for normal mixer expression.
Discussion
In this report, we have assessed the importance of a
number of putative endodermal regulators in zebrafish
embryos, and begun to assemble a molecular pathway that
leads to endoderm formation (Figure 7). Although it is dif-
ficult to predict how much of this pathway is conserved in
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Table 1
Overexpression of mixer rescues endoderm formation in oep but not cas mutants.
sox17-expressing cells
Injected RNA Embryos‡ Normal/increased 25–100 1–25 0
mixer cas, wild type 53/73 0/73 0/73 20/73
oep, wild type* 62/84 18/84 3/84 1/84
GST–GFP cas, wild type 26/40 0/40 0/40 14/40
oep, wild type* 26/38 1/38 11/38 0/38
axial-expressing endodermal cells
Injected RNA Embryos Normal/increased 25–100 1–25 0
mixer cas, wild type 64/84 0/84 0/84 20/84
oep, wild type† 60/76 8/76 6/76 2/76
GST–GFP cas, wild type 35/41 0/41 0/41 6/41
oep, wild type† 25/39 0/39 3/39 11/39
Table 2
TARAM-A* overexpression does not promote endodermal gene
expression in cas mutants.
Gene expression
Embryos ntl gsc mixer axial sox17
Wild type 21/21 20/20 20/20 20/21 27/27
oep, wild type NA 24/24 20/20 NA 19/19
cas, wild type NA 30/30 31/32 31/33 111/151 (74%)
Embryos derived from intercrosses of identified heterozygotes (see
Table 1) were injected with 90 pg RNA at the 1–4-cell stage, and
analysed after approximately 8 h of development. NA, not assessed.
*There were an average of 45.8 ± 23.6 sox17-expressing endodermal
and forerunner cells in mixer-injected oep mutants (n = 22);
GST–GFP-injected oep mutants contained an average of 12.2 ± 8.2
sox17-expressing endodermal and forerunner cells (n = 12).
Comparison of these values using a two-sided t-test yielded a test
statistic of 4.7 (p < 0.0003). †There were an average of 28.8 ± 24
axial-expressing endodermal cells in mixer-injected oep mutants
(n = 16); GST–GFP-injected oep mutants contained an average of
1 ± 2.2 axial-expressing endodermal cells (n = 14). Comparison of
these values using a two-sided t-test yielded a test statistic of 4.2
(p < 0.0003). Embryos were injected with 200 pg RNA at the 1–4-cell
stage, and analysed at 90–100% epiboly. ‡Embryos were derived from
intercrosses of identified heterozygotes; each batch therefore contains
on average 25% homozygote wild-types, 50% heterozygote wild-types
and 25% homozygote mutants.
other organisms, the framework that our studies provide
should greatly facilitate future analyses of endoderm
development in vertebrates.
Role of sox17-related genes in vertebrate endoderm
formation
Recent studies have demonstrated the importance of
Xsox17 in endoderm formation in Xenopus [13]. We have
isolated a zebrafish sox17 gene and shown that it is
expressed in the endoderm and forerunner cells, which we
and others have suggested represent a specialised dorsal
subset of the endoderm [26,28]. Overexpression of
zebrafish sox17, Xsox17β, or an Xsox17β–EnR fusion [13]
all inhibited epiboly, even at low doses (20 pg per
embryo), but did not appear to affect endodermal axial
expression (J.A. and D.Y.R.S., unpublished data). There-
fore, although both sox17 and axial lie downstream of cas
(this study and [26]), resolution of the relationship
between the two genes and the importance of sox17 for
zebrafish endoderm formation will require further studies.
In the mouse, HNF3β is expressed in, and is required
for the development of, the foregut and midgut endo-
derm [36]. Interestingly, comparison of sox17 and axial
expression at the tailbud stage reveals a posterior popu-
lation of endodermal cells that expresses sox17 but not
axial, suggesting that axial is similarly expressed in
approximately the anterior two-thirds of the zebrafish
endoderm, and indicating that by the end of gastrula-
tion, the zebrafish endoderm already possesses some
anterior–posterior patterning.
The cas gene acts upstream of sox17
We have shown previously that cas has an essential cell-
autonomous role in endoderm formation in zebrafish [26].
Here, we have demonstrated that cas mutants never
express sox17, implicating cas as an essential upstream
regulator of sox17 expression. The absolute requirement
for cas activity to achieve sox17 expression and the sever-
ity of the cas mutant endodermal phenotype [26] together
highlight the importance of cas for vertebrate endoderm
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Figure 4
TARAM-A* cannot promote endodermal gene
expression in cas mutants. Lateral views of
embryos showing expression of
mesendodermal and endodermal markers
approximately 8 h after injection with 90 pg
TARAM-A* RNA. TARAM-A* overexpression
in (a–d) wild-type embryos converts the entire
blastoderm into mesendoderm that expresses
(a) gsc, (b) mixer, (c) axial, and (d) sox17. In
(e,f) oep mutants, TARAM-A* promotes
widespread expression of (e) gsc and
(f) sox17. In (g,h) cas mutants, TARAM-A*
results in the widespread expression of
(g) mixer but not (h) sox17.
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Figure 5
Overexpression of antivin eliminates mixer expression. Wild-type
zebrafish embryos were injected with 40 pg antivin RNA. (a) Lateral view
of an antivin-injected embryo at 28 hpf. The embryo consists almost
entirely of neuroectoderm, including an eye (arrowhead) and otic vesicles
(arrow), and epidermis, and contains no endoderm or mesoderm except
for a small amount of tail muscle. (b,c) Animal-pole views of antivin-
injected embryos at 50% epiboly showing (b) deletion of ntl expression
from a region of the marginal zone, and (c) absence of mixer expression.
The riboprobe used is indicated in the lower left corner of each panel.
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formation. We are currently pursuing the molecular iden-
tification of the cas locus.
Mixer in zebrafish endoderm formation
Both zebrafish and Xenopus Mixer promote the formation
of ectopic sox17-expressing cells in zebrafish embryos,
while overexpression of a Xenopus Mixer–EnR fusion
partially blocks endoderm formation. Together with the
fact that endoderm formation in oep mutants can be
rescued by overexpression of mixer, these results demon-
strate a role for zebrafish Mixer in endoderm formation.
In Xenopus, expression of Xsox17 precedes that of Mixer,
suggesting that Mixer acts to maintain Xsox17 expression
in the presumptive endoderm during gastrulation
[13,14]. In zebrafish, however, mixer expression precedes
sox17 expression, which, together with our functional
studies, demonstrates unequivocally that Mixer acts
upstream of sox17 in zebrafish. Whether Mixer is in fact
necessary for sox17 expression and endoderm formation
awaits the identification and analysis of a mixer mutant.
Importantly, overexpression of mixer does not rescue
sox17 expression or endoderm formation in cas mutants,
placing cas between mixer and sox17 in a pathway
that leads to endoderm formation. Our experiments do
not distinguish whether the biochemical activities of
Mixer and Cas act sequentially or in parallel to activate
sox17 expression.
It is striking that mixer overexpression rescues endoderm
formation in zygotic oep mutants, especially given that, at
least initially, these embryos express mixer relatively nor-
mally because of maternally supplied Oep [19,20]. These
results imply that zygotic oep mutants do not lack endo-
derm because they fail to express mixer, but rather
because they are missing some other Oep-dependent
function (for example, Y in Figure 7) that is normally
required for endoderm formation in parallel with Mixer.
Alternatively, endoderm differentiation may be very sen-
sitive to the level of Nodal signalling, such that in the
absence of zygotic Oep a slight decrease in Nodal sig-
nalling leads to the absence of sox17 expression. In either
case, high levels of Mixer activity may allow the embryo to
bypass this Oep-regulated step(s).
Interestingly, only a subset of the earliest involuting cells
in the zebrafish margin later express sox17 and form endo-
derm [6], despite the fact that all such cells express mixer
[26]. Additionally, mixer overexpression in wild-type
zebrafish embryos causes the formation of ectopic sox17-
expressing cells that resemble forerunner cells in their
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Nodal-related signals are required for normal mixer expression. 
(a) Animal-pole and (b) lateral views of a wild-type (WT) or cyc mutant
embryo at 50% epiboly, showing normal mixer expression throughout
the marginal zone. (c,d) At the same stage, a sqt mutant viewed from
(c) the animal pole and (d) laterally exhibits a mixer expression domain
that is thinner along the animal–vegetal axis and has a dorsal gap.
(e,f) A cyc;sqt double mutant at 50% epiboly showing barely
detectable mixer expression, viewed (e) from the animal pole and 
(f) laterally. A total of 281 embryos derived from cyc/+;sqt/+ double
heterozygote intercrosses were examined for mixer expression; 208
showed normal mixer expression, 54 had a dorsal gap in the mixer
expression domain, and 19 exhibited barely detectable mixer
expression. This yields a ratio of 11.8:3.1:1.1, which is very close to
the predicted 12:3:1 ratio. (g,h) Zygotic oep (Zoep) mutants show a
dorsal gap in the mixer expression domain at (g) 50% epiboly and (h)
shield stage. Both are animal-pole views. (i) Animal-pole and (j) lateral
views of an embryo that lacks both maternal and zygotic Oep (MZoep
mutant); mixer expression is only barely detectable. The genotype of
the embryo is indicated in the lower right corner of each panel.
morphology and location, but does not appear to cause any
obvious increase in the amount of endoderm that forms.
Together, these data imply that in zebrafish additional
factors besides Mixer (Figure 7), for example cas and/or
gata5 [37,38], may regulate the initiation of endodermal
sox17 expression and limit endoderm formation in the
presence of high levels of Mixer activity.
The cas gene acts downstream of TGF-β signalling in
endoderm formation
Previous work has shown that TARAM-A* can direct cells
to an endodermal fate in a cell-autonomous manner in
both wild-type and oep mutant embryos [32]. These data
place oep genetically upstream of TARAM-A signalling.
Consistent with these results, we found that TARAM-A*
overexpression also promotes sox17 expression in both
wild-type and oep mutant embryos. The inability of
TARAM-A* to induce sox17 expression in cas mutants
places cas downstream of such signalling, and emphasises
the critical importance of cas for sox17 expression and
endoderm formation.
Nodal-related signals regulate mixer expression
Numerous studies have suggested a role for Activin and/or
related growth factors in the induction of endoderm
[9–11,13,16,37], but have not conclusively demonstrated
the physiological importance of Activin-type signalling for
endoderm induction, nor succeeded in identifying the
endogenous endoderm inducer(s). Our results address
both of these issues. Overexpression of the putative
TGF-β inhibitor Antivin [17] demonstrates a critical role
for TGF-β molecules in the normal expression of mixer.
cyc;sqt double mutants express only barely detectable
levels of mixer, identifying these Nodal-related molecules
as the principal endogenous inducers of mixer expression.
The barely detectable level of mixer expression in MZoep
mutants, and comparison of the expression patterns of
mixer [26] and cyc and sqt [21,39–41] further support the
idea that Nodal-related signals regulate mixer expression.
These and other data [17,42] also provide genetic evi-
dence for the ability of Antivin to antagonise the effects of
Nodal-related molecules.
The mixer expression defects in sqt mutants are intrigu-
ing, as cyc is also expressed throughout the marginal zone.
The fact that the mixer expression domain is thinner
along the animal–vegetal axis in sqt mutants seems
unlikely to result simply from a decreased dose of Nodal-
related signals, as a similar defect is not apparent in cyc
mutants. Rather, this fact together with the dorsal gap in
mixer expression seen in sqt mutants suggests that cells
within the marginal zone respond differently to Sqt and
Cyc. In the dorsal margin, this difference may result from
β-catenin signalling within the dorsal region of the
embryo that directly or indirectly modifies the response
of the dorsal blastomeres to Nodal-related signals. For
example, the dorsal marginal cells may only be sensitive
to Nodal-related signals during a particular time window
that precedes the onset of cyc expression [40,41]. Addi-
tionally, Sqt may be a more potent inducer of dorsal
mesendoderm than Cyc, as recent results suggest [39].
Although Antivin overexpression eliminates mixer expres-
sion entirely, a very low level of mixer expression is
detectable in both cyc;sqt double mutants and MZoep
mutants. These results suggest that another TGF-β-
related molecule(s) may also induce some mixer expres-
sion. Zebrafish embryos contain maternally supplied Vg1
[43] and Activin [37], which could be responsible for the
slight amount of mixer expression present in cyc;sqt and
MZoep mutants. In Xenopus, it has been suggested that
zygotically expressed Nodal-related molecules relay
earlier endoderm-inducing and/or mesoderm-inducing
signals from Activin or related ligands [15]. Our results
hint at a similar mechanism operating in zebrafish.
Recent experiments have demonstrated that VegT is
required for endoderm formation in Xenopus [7]. How
VegT directs cells to an endodermal fate is not known
but, given that zygotically expressed Nodal-related factors
are important for endoderm induction in zebrafish, it may
be that VegT promotes the expression of Nodal-related
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Figure 7
A molecular pathway leading to endoderm formation in zebrafish. The
model integrates the relationships between various zebrafish
endodermal regulators demonstrated in this and previous reports
[20,21,26,32]. The arrows do not indicate direct interactions. X,
hypothetical TGF-β molecule(s) other than Cyc or Sqt that induces a
low level of mixer expression (see Discussion); Y, hypothetical
additional factor(s) regulating cas or sox17 in parallel with Mixer that
may also be regulated by Nodal-related signals and Oep (see
Discussion).
Sqt
Cyc
cas
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molecules by cells of the vegetal hemisphere [44], which
then induce or maintain the endodermal fate in an
autocrine or paracrine manner. Studies in Xenopus do
suggest that Xsox17β expression depends on cell–cell
interactions [45], and that Nodal-related molecules may
be important for the expression of at least some endoder-
mal markers [15,45]. On the other hand, both a shortened
form of the secreted multifunctional growth factor antago-
nist Cerberus that specifically binds and inhibits Nodal-
related molecules, and a dominant-negative form of
Xenopus Nodal only moderately decrease Xsox17β expres-
sion in Xenopus embryos [15,46]. Thus, it may be that both
VegT and Nodal-related signals are important for endo-
derm induction, but that their relative importance varies
in different vertebrates.
Conclusions
Our results suggest that the following molecular pathway
leads to endoderm formation in zebrafish (Figure 7): the
Nodal-related signals Cyc and Sqt activate appropriate
receptors, perhaps, for example, TARAM-A; Oep also
appears to act upstream of such receptors; signalling
through these receptors leads to the induction of normal
levels of mixer expression; Mixer, in a manner that
absolutely requires cas, activates sox17 expression, thus
initiating endodermal differentiation. As discussed
above, it seems that an additional TGF-β molecule (or
molecules, represented by X in Figure 7) may induce
some mixer expression, and that some other factor (or
factors, represented by Y in Figure 7) may also regulate
sox17 expression.
The relationships described in the above pathway are not
necessarily direct. Determining which, if any, are direct
will require biochemical analyses. Further experiments
will also be necessary to determine the relevance of this
pathway to endoderm formation in other vertebrates.
Importantly, this pathway potentially links many of the
currently known regulators of vertebrate endoderm forma-
tion into a single coherent framework, and should there-
fore be useful in assessing the roles of newly identified
players in this process.
Materials and methods
Zebrafish strains
Adult zebrafish and embryos were maintained as described [47].
Embryos were derived from natural matings of identified heterozygotes.
The following mutant alleles were used: casta56 [48], oepz1 [18],
oeptz257 [48], cycb16 [49], cycm294 [50] and sqtcz35 [21]. In all cases in
which embryos were fixed at stages before the time when homozygous
mutants are clearly identifiable, the presence of homozygous mutants
among sibling embryos was confirmed at later stages.
Isolation of zebrafish sox17
A fragment of zebrafish sox17 was isolated from mid-gastrula stage
cDNA using degenerate PCR primers and standard touchdown PCR
protocols. Gene-specific primers were then used to screen a gastrula
cDNA library by PCR for a full-length sox17 clone. The GenBank
accession number for sox17 is AF168614.
In situ hybridisation
Wholemount in situ hybridisation was performed as described [51].
The sox17 riboprobe was synthesised from EcoRI-digested plasmid
pS-1, which contains the first 964 nucleotides of sox17 subcloned into
pBluescript-SK+, using T7 RNA polymerase. Other riboprobes were
prepared according to published instructions.
RNA injections
Plasmid pCS2+mixer, which contains the coding region and portions
of the 5′ and 3′ untranslated regions of zebrafish mixer subcloned into
the plasmid pCS2+, was linearised using NotI. Xmixer and
Xmixer–EnR, Xsox17β and Xsox17β–EnR, TARAM-A, TARAM-A* and
antivin templates were prepared as described [13,14,17,31]. Capped
transcripts for injection were synthesised using the SP6 mMessage
Machine kit (Ambion). RNA concentrations were determined by com-
parison with an RNA standard by agarose gel electrophoresis. RNA
was diluted to the appropriate concentration in 0.2 M KCl containing
0.5% phenol red, and embryos were injected at the 1–4-cell stage.
Acknowledgements
We are grateful to A. Navarro for outstanding technical assistance;
Y. Kikuchi for experimental assistance; T. Lepage, D. Kimelman and
B. Draper for the gastrula cDNA library; G.L. Henry, D. Melton, D. Clements,
H. Woodland, N. Peyrieras, F. Rosa, C. Thisse and B. Thisse for the Xmixer,
mixer–EnR, Xsox17β, Xsox17β–EnR, TARAM-A, TARAM-A* and antivin
injection constructs; C. Erter and C. Wright for cyc/+;sqt/+ fish;
E. Heckscher and A. Schier for MZoep embryos; and C. Wright, D. Melton,
and members of our laboratory, especially J. Reiter, for helpful discussions
and critical reading of the manuscript. J.A. is a member of the Medical Sci-
entist Training Program at UCSF. Support for this work was provided in part
by the American Heart Association and the Packard Foundation.
References
1. Keller RE: Vital dye mapping of the gastrula and neurula of
Xenopus laevis. I. Prospective areas and morphogenetic
movements of the superficial layer. Dev Biol 1975, 42:222-241.
2. Keller RE: Vital dye mapping of the gastrula and neurula of
Xenopus laevis. II. Prospective areas and morphogenetic
movements of the deep layer. Dev Biol 1976, 51:118-137.
3. Dale L, Slack JM: Fate map for the 32-cell stage of Xenopus laevis.
Development 1987, 99:527-551.
4. Lawson KA, Meneses JJ, Pedersen RA: Clonal analysis of epiblast
fate during germ layer formation in the mouse embryo.
Development 1991, 113:891-911.
5. Hatada Y, Stern CD: A fate map of the epiblast of the early chick
embryo. Development 1994, 120:2879-2889.
6. Warga RM, Nüsslein-Volhard C: Origin and development of the
zebrafish endoderm. Development 1999, 126:827-838.
7. Zhang J, Houston DW, King ML, Payne C, Wylie C, Heasman J: The
role of maternal VegT in establishing the primary germ layers in
Xenopus embryos. Cell 1998, 94:515-524.
8. Griffin KJ, Amacher SL, Kimmel CB, Kimelman D: Molecular
identification of spadetail: regulation of zebrafish trunk and tail
mesoderm formation by T-box genes. Development 1998,
125:3379-3388.
9. Jones EA, Abel MH, Woodland HR: The possible role of
mesodermal growth factors in the formation of endoderm in
Xenopus laevis. Roux’s Arch Dev Biol 1993, 202:233-239.
10. Gamer LW, Wright CV: Autonomous endodermal determination in
Xenopus: regulation of expression of the pancreatic gene XlHbox
8. Dev Biol 1995, 171:240-251.
11. Henry GL, Brivanlou IH, Kessler DS, Hemmati-Brivanlou A, Melton DA:
TGF-β signals and a pattern in Xenopus laevis endodermal
development. Development 1996, 122:1007-1015.
12. Sasai Y, Lu B, Piccolo S, De Robertis EM: Endoderm induction by
the organizer-secreted factors chordin and noggin in Xenopus
animal caps. EMBO J 1996, 15:4547-4555.
13. Hudson C, Clements D, Friday RV, Stott D, Woodland HR: Xsox17α
and -β mediate endoderm formation in Xenopus. Cell 1997,
91:397-405.
14. Henry GL, Melton DA: Mixer, a homeobox gene required for
endoderm development. Science 1998, 281:91-96.
15. Osada SI, Wright CV: Xenopus nodal-related signaling is essential
for mesendodermal patterning during early embryogenesis.
Development 1999, 126:3229-3240.
1156 Current Biology Vol 9 No 20
16. Joseph EM, Melton DA: Mutant Vg1 ligands disrupt endoderm and
mesoderm formation in Xenopus embryos. Development 1998,
125: 2677-2685.
17. Thisse C, Thisse B: Antivin, a novel and divergent member of the
TGFβ superfamily, negatively regulates mesoderm induction.
Development 1999, 126:229-240.
18. Schier AF, Neuhauss SC, Helde KA, Talbot WS, Driever W: The one-
eyed pinhead gene functions in mesoderm and endoderm
formation in zebrafish and interacts with no tail. Development
1997, 124:327-342.
19. Zhang J, Talbot WS, Schier AF: Positional cloning identifies
zebrafish one-eyed pinhead as a permissive EGF-related ligand
required during gastrulation. Cell 1998, 92:241-251.
20. Gritsman K, Zhang J, Cheng S, Heckscher E, Talbot WS, Schier AF:
The EGF-CFC protein one-eyed pinhead is essential for nodal
signaling. Cell 1999, 97:121-132.
21. Feldman B, Gates MA, Egan ES, Dougan ST, Rennebeck G, Sirotkin
HI, et al.: Zebrafish organizer development and germ-layer
formation require nodal-related signals. Nature 1998,
395:181-185.
22. Rosa FM: Mix.1, a homeobox mRNA inducible by mesoderm
inducers, is expressed mostly in the presumptive endodermal
cells of Xenopus embryos. Cell 1989, 57:965-974.
23. Ecochard V, Cayrol C, Rey S, Foulquier F, Caillol D, Lemaire P, et al.:
A novel Xenopus mix-like gene milk involved in the control of the
endomesodermal fates. Development 1998, 125:2577-2585.
24. Tada M, Casey ES, Fairclough L, Smith JC: Bix1, a direct target of
Xenopus T-box genes, causes formation of ventral mesoderm
and endoderm. Development 1998, 125:3997-4006.
25. Lemaire P, Darras S, Caillol D, Kodjabachian L: A role for the
vegetally expressed Xenopus gene Mix.1 in endoderm formation
and in the restriction of mesoderm to the marginal zone.
Development 1998, 125:2371-2380.
26. Alexander J, Rothenberg M, Henry GL, Stainier DYR: casanova plays
an early and essential role in endoderm formation in zebrafish.
Dev Biol 1999, in press.
27. Kanai Y, Kanai-Azuma M, Noce T, Saido TC, Shiroishi T, Hayashi Y, et
al.: Identification of two Sox17 messenger RNA isoforms, with and
without the high mobility group box region, and their differential
expression in mouse spermatogenesis. J Cell Biol 1996, 
133:667-681.
28. Cooper MS, D’Amico LA: A cluster of noninvoluting endocytic cells
at the margin of the zebrafish blastoderm marks the site of
embryonic shield formation. Dev Biol 1996, 180:184-198.
29. Strahle U, Blader P, Henrique D, Ingham PW: Axial, a zebrafish
gene expressed along the developing body axis, shows altered
expression in cyclops mutant embryos. Genes Dev 1993,
7:1436-1446.
30. Strahle U, Jesuthasan S, Blader P, Garcia-Villalba P, Hatta K, Ingham
PW: one-eyed pinhead is required for development of the ventral
midline of the zebrafish (Danio rerio) neural tube. Genes Funct
1997, 1:131-148.
31. Renucci A, Lemarchandel V, Rosa F: An activated form of type I
serine/threonine kinase receptor TARAM-A reveals a specific
signalling pathway involved in fish head organiser formation.
Development 1996, 122:3735-3743.
32. Peyrieras N, Strahle U, Rosa F: Conversion of zebrafish
blastomeres to an endodermal fate by TGF-β-related signaling.
Curr Biol 1998, 8:783-786.
33. Schulte-Merker S, van Eeden FJ, Halpern ME, Kimmel CB, Nüsslein-
Volhard C: no tail (ntl) is the zebrafish homologue of the mouse T
(Brachyury) gene. Development 1994, 120:1009-1015.
34. Stachel SE, Grunwald DJ, Myers PZ: Lithium perturbation and
goosecoid expression identify a dorsal specification pathway in
the pregastrula zebrafish. Development 1993, 117:1261-1274.
35. Thisse C, Thisse B, Halpern ME, Postlethwait JH: Goosecoid
expression in neurectoderm and mesendoderm is disrupted in
zebrafish cyclops gastrulas. Dev Biol 1994, 164:420-429.
36. Dufort D, Schwartz L, Harpal K, Rossant J: The transcription factor
HNF3β is required in visceral endoderm for normal primitive
streak morphogenesis. Development 1998, 125:3015-3025.
37. Rodaway A, Takeda H, Koshida S, Broadbent J, Price BM, Smith JC,
et al.: Induction of the mesendoderm in the zebrafish germ ring
by yolk cell derived TGF-β family signals and discrimination of
mesoderm and endoderm by FGF. Development 1999,
126:3067-3078.
38. Reiter JF, Alexander J, Rodaway A, Yelon D, Patient R, Holder N, et al.:
Gata5 is required for the development of the heart and
endoderm-derived organs in zebrafish. Genes Dev 1999, in press.
39. Erter CE, Solnica-Krezel L, Wright CV: Zebrafish nodal-related 2
encodes an early mesendodermal inducer signaling from the
extraembryonic yolk syncytial layer. Dev Biol 1998, 204:361-372.
40. Rebagliati MR, Toyama R, Fricke C, Haffter P, Dawid IB: Zebrafish
nodal-related genes are implicated in axial patterning and
establishing left-right asymmetry. Dev Biol 1998, 199:261-272.
41. Sampath K, Rubinstein AL, Cheng AM, Liang JO, Fekany K, Solnica-
Krezel L, et al.: Induction of the zebrafish ventral brain and
floorplate requires cyclops/nodal signalling. Nature 1998,
395:185-189.
42. Bisgrove BW, Essner JJ, Yost HJ: Regulation of midline
development by antagonism of lefty and nodal signaling.
Development 1999, 126:3253-3262.
43. Dohrmann CE, Kessler DS, Melton DA: Induction of axial mesoderm
by zDVR-1, the zebrafish orthologue of Xenopus Vg1. Dev Biol
1996, 175:108-117.
44. Jones CM, Kuehn MR, Hogan BL, Smith JC, Wright CV: Nodal-
related signals induce axial mesoderm and dorsalize mesoderm
during gastrulation. Development 1995, 121:3651-3662.
45. Zorn AM, Butler K, Gurdon JB: Anterior endomesoderm
specification in Xenopus by Wnt/β-catenin and TGF-β signalling
pathways. Dev Biol 1999, 209:282-297.
46. Piccolo S, Agius E, Leyns L, Bhattacharyya S, Grunz H, Bouwmeester
T, et al.: The head inducer Cerberus is a multifunctional
antagonist of Nodal, BMP and Wnt signals. Nature 1999,
397:707-710.
47. Westerfield M: The Zebrafish Book. University of Oregon Press,
Eugene, USA; 1995.
48. Haffter P, Granato M, Brand M, Mullins MC, Hammerschmidt M, Kane
DA, et al.: The identification of genes with unique and essential
functions in the development of the zebrafish, Danio rerio.
Development 1996, 123:1-36.
49. Hatta K, Kimmel CB, Ho RK, Walker C: The cyclops mutation blocks
specification of the floor plate of the zebrafish central nervous
system. Nature 1991, 350:339-341.
50. Schier AF, Neuhauss SC, Harvey M, Malicki J, Solnica-Krezel L,
Stainier DYR, et al.: Mutations affecting the development of the
embryonic zebrafish brain. Development 1996, 123:165-178.
51. Alexander J, Stainier DYR, Yelon D: Screening mosaic F1 females
for mutations affecting zebrafish heart induction and patterning.
Dev Genet 1998, 22:288-299. 
Research Paper  Zebrafish endoderm pathway Alexander and Stainer    1157
Because Current Biology operates a ‘Continuous Publication
System’ for Research Papers, this paper has been published
on the internet before being printed. The paper can be
accessed from http://biomednet.com/cbiology/cub — for
further information, see the explanation on the contents page.
